Adaptive optics (AO), a mature technology developed for astronomy to compensate for the effects of atmospheric turbulence, can also be used to correct the aberrations of the eye. The classic phoropter is used by ophthalmologists and optometrists to estimate and correct the lower-order aberrations of the eye, defocus and astigmatism, in order to derive a vision correction prescription for their patients. An adaptive optics phoropter measures and corrects the aberrations in the human eye using adaptive optics techniques, which are capable of dealing with both the standard low-order aberrations and higher-order aberrations, including coma and spherical aberration. High-order aberrations have been shown to degrade visual performance for clinical subjects in initial investigations. An adaptive optics phoropter has been designed and constructed based on a Shack-Hartmann sensor to measure the aberrations of the eye, and a liquid crystal spatial light modulator to compensate for them. This system should produce near diffraction-limited optical image quality at the retina, which will enable investigation of the psychophysical limits of human vision. This paper describes the characterization and operation of the AO phoropter with results from human subject testing.
INTRODUCTION
A normal eye suffers from aberrations of the lens and cornea, which blur both our vision of the world and also interfere with ophthalmoscopic micro-visualization of our retina. Corrective lenses can generally improve vision to 20/20 Snellen acuity, but these only correct low-order aberrations, defocus and astigmatism. The high-order aberrations remain untreated, and can continue to affect visual performance. In addition, low-order correction is not sufficient to reveal clear microscopic structures in the retina, which could enable diagnosis of retinal diseases that cause loss of vision, such as age-related macular degeneration, and also for in vivo monitoring of the effects of newly developed drug treatments in the human eye.
Adaptive Optics (AO) has been used successfully for astronomical applications for over a decade. In this technique, atmospheric aberrations are measured and then corrected by applying the inverse aberrations to the light collected by the telescope using a deformable mirror. Extending the AO technology to visual applications can lead to correction of highorder aberrations improving acuity beyond what can be achieved with conventional spectacles or contact lenses. This improvement has been dubbed "supernormal vision" [1] . In addition, it is possible to produce in vivo images of the human retina that are sharper, with higher resolution than had previously been possible, allowing researchers to answer long-standing questions about the structure and function of the human retina [2] .
LLNL first demonstrated the use of adaptive optics technology using a sodium laser guide star for astronomical imaging [3] . Using the same type of Shack-Hartmann sensor that was used in astronomical adaptive optics [3, 4] , Liang et al. demonstrated a new technique for measuring the aberrations of the eye [6] . Subsequently, at the University of Rochester, Liang, Williams and Miller [1] added a wavefront correction to the wavefront measuring system and demonstrated the first application of adaptive optics to improve human vision. They also achieved correction of the high-order aberrations to obtain never-before-seen images of the living human retina [1] .
The vision correction technology used in the Rochester AO system [1, 2] is a conventional deformable mirror device (DMD) as used in astronomical applications. In addition to being expensive, DMDs have much larger apertures than the eye. This leads to a large optical system in order to allow for magnification of the 8 mm pupil of the eye to the larger size of the deformable mirror. This combination of cost and size limits the suitability of an AO system using a DMD for clinical trials and eventual commercialization.
Recently, new AO technologies have been developed based on both liquid crystal (LC) devices and micro-electromechanical mirrors, which are both compact and less expensive than the conventional DM devices. The AO group at LLNL has previously demonstrated very high-order wavefront correction using LC technology [7] . One of the purposes of this work is to test these new technologies for vision correction. This project also seeks to mesh the experience and knowledge of adaptive optics from the LLNL AO group [8] with the experience and knowledge of the visual system in vision science from the UC Davis Psychophysics group.
This paper presents the design [8] , characterization and application of an adaptive optics phoropter based on LC technology. The paper is organized into four sections. The first section describes the optical setup and hardware. The second section describes the calibration of the optical components, and the third section elaborates on the closed-loop operation and performance verification of the phoropter. The fourth section describes the operation with human subjects.
System assembled at LLNL and deployed at the UC Davis Department of Ophthalmology for clinical testing on the limits of visual acuity 
OPTICAL SET UP AND HARDWARE
A schematic of the high resolution adaptive optics phoropter system is shown in Fig. 1 . The instrument uses a 5 microwatt laser at 820 nm that is focused onto the retina of a human eye. The laser beacon is reflected off the retina and out through the optics of the eye, thereby sampling their aberrations. The light reflected (~0.02%) by the retina is transmitted to a Shack-Hartmann (S-H) wavefront sensor after being reflected by a wavefront corrector. This Fig. 1 Prototype adaptive optics phoropter using liquid crystal spatial light modulator arrangement allows for a closed-loop correction of the optical aberration. Here, the S-H sensor measures the wavefront after it is flattened by the wavefront corrector. The deviation of the reconstructed wavefront from an ideal flat wavefront is estimated, and this produces the error term. This error term is used to calculate the correction required to compensate for the deviation.
A control loop is used to update the correction applied to the wavefront corrector in a stable fashion. During the closedloop operation of the AO system, a correction is applied until the error converges to a minimum value. When the correction is applied in the closed-loop system to compensate for the aberrations of the eye, the result should be enhanced vision. After the system has converged to a stable low aberration value, the subject views any of a variety of visual stimuli (e.g., sine-wave gratings) on a custom high-intensity CRT computer display. This system is used to perform psychophysical tests examining the effects of the high-order correction on the limits of visual performance. Figure 1 illustrates two light paths. The darker beam shows light emerging from the eye and going into the wavefront sensor after being reflected by the wavefront corrector. The lighter beam represents rays from the visual stimulus traveling to the subject's eye.
Next, the two major subsystems are described as well as their calibration procedures necessary for operation.
The wavefront corrector SLM:
The spatial light modulator (Hamamatsu Model 7665), containing approximately 230,000 phase control points, serves as the wavefront corrector in the AO phoropter. The parallel aligned nematic liquid crystal spatial light modulator (PAL-SLM) is an optically addressable (intensity to phase) spatial light modulator, as shown in Fig. 2 . The PAL-SLM has an amorphous silicon layer, a dielectric mirror, and liquid crystal layer sandwiched between two glass substrates with transparent electrodes. A write light beam impinges on the amorphous silicon side, and the read beam is presented on the LC side. The impedance of amorphous silicon becomes extremely high when no write light is present. When the write light is applied, the impedance of the amorphous silicon is lowered reducing the voltage drop across it. Consequently, the voltage across the liquid crystal layer is increased. The increase in voltage across the liquid crystal layer affects the molecular orientation and changes the index of refraction causing a phase modulation of the read beam.
To control the optical intensity of the write beam, a laser diode is coupled with a liquid crystal display (LCD) used in transmissive mode. This allows projection of any intensity pattern on the write side of the PAL-SLM. The PAL-SLM module (PAL-SLMM) combines the laser diode and LCD with the PAL-SLM so that the entire system acts as an electronically addressable phase/intensity spatial light modulator. The SLM contains 480 x 480 individually addressable control points with a 0.8 micron stroke on a 20mm x 20mm surface. The wavefront sensor: Shack-Hartmann sensor: The Shack-Hartmann sensor (Hartmann sensor modified by Shack) serves as the wavefront aberration measuring device. It consists of an 8-bit digital camera coupled with a lenslet array. When a plane wave is incident upon the sensor, it produces a regular array of spots. The spots are located on the optical axes of the corresponding lenslets. This array of spots is taken as the reference pattern for subsequent measurement. If a test wavefront has phase distortion, the focal spot of each subaperture shifts relative to the reference position by a factor proportional to the local tilt. The position of the focal spot is determined by a centroid operation. This relation between local slope and centroid shift can be estimated from the dimensions of the S-H sensor. The lenslet diameters are 203 microns with a focal length of 5.8 mm. The S-H sensor has 20 x×20 subapertures. The camera pixels are 16 microns square. The scale of the S-H sensor is 16/5.8 = 2.75 mrad/pixel. Thus a centroid will shift by one pixel for a local tilt at a subaperture of 2.75 mrad. This is equivalent to a 0.56 micron phase jump between two subapertures.
It is possible to estimate the camera response given a certain amount of expected power. From the manufacturer's camera characteristics curve, it is found that the camera produces 10 digital numbers (DN) for 1nJ/cm 2 intensity. This is equivalent to 1011 photons/pixel. For 5 µW power incident on the retina, 0.02% is reflected. This 1nW power incident on 20x 20 subapertures for 100 ms produces about 195 DN, and is sufficient for detection of the wavefront.
• Angle subtended by one pixel = (dx/f) = 16mi/5.8mm = 2.75 mrad Shack Hartmann Noise: The noise statistics of the camera were measured for various camera integration times. The statistics provide the mean noise level (or dark noise) as well as the variance of the noise level, which determines the minimum detectable noise power. For example, for an integration time of 110 ms, the noise floor is 20.7 pixel count, while the standard deviation of the noise at any pixel is 0.03 counts for dark exposure. When uniform light is exposed, the centroid rms for 100 frames calculated using center of mass algorithm with dark subtract is 0.04 to 0.05 pixels.
Nonlinear Characterization of the SLM response: A set of experiments was carried out to determine the phase modulation characteristics of the liquid crystal SLM. This characterization will determine the grey level needed to achieve a certain value of phase modulation.
The whole SLM was characterized by applying a periodic rectangular wave of varying amplitude to the SLM and measuring the far field pattern. The relative magnitude of the 0 th order and the first order components provides an indication of the phase jump magnitude. For example, for a phase jump of π , the 0th order intensity becomes zero, while the first order intensity becomes maximal. The same phenomenon is observed across each of the subapertures of the S-H sensor which instead of a big lens has a microlens array. Thus, a second space-variant test was developed to determine the phase response of individual actuators. If a step function of varying amplitude is applied over a single aperture, each subaperture produces a far field pattern corresponding to the Fourier transform of the phase jump. The history of all the wavefront sensor responses as a function of the amplitude of the step function was recorded. The phase response of individual actuators was calculated. A lookup table for the SLM was devised, combining the individual response with the overall response. The desired phase angle is the input to the lookup table and the required grey level of the SLM to cause that phase change is the output.
The phase-response behaviors obtained from the individual subapertures reveal that the SLM has space-variant phase modulation characteristics. A spatially-varying lookup table was devised which compensated for the nonuniformity of the phase response across the SLM surface. The phase response from the lookup table is expressed in the curve shown in Fig. 4 . The x-axis represents the phase angle (in radians multiplied by 40) while the y-axis represents the driving grey level for the SLM. Registration: A systematic procedure was developed to register the SLM on the wavefront sensor. If the SLM is not properly registered with the wavefront sensor, then the correction calculated from the wavefront measurement will be misaligned with respect to the position of the aberration on the incoming wavefront. Figure 6 illustrates an example of this problem. An initial aberration is applied to the SLM, and this elicits a compensating correction. Due to misregistration, the wavefront sensor sees the aberration in one location but the AO system applies the correction at a different location.
This position error contributes to the next iteration through the closed loop, resulting in a new incorrect position for the wavefront correction. Fig. 7 shows the results after 3, 5 and 11 iterations. A misregistration of the SLM in the xdirection causes vertical lines to appear on the SLM which increases in magnitude with each iteration.
In this method, an asymmetric pattern of known size and shape was produced on the SLM. The actuation function is compared to the wavefront reconstruction obtained from the wavefront sensor data. Making this comparison provides information about the registration in terms of rotation, scale and position of the SLM with respect to the wavefront 
Biased Operation of SLM
A typical correction pattern reveals that both positive and negative corrections must be applied to compensate for an aberration. This is achieved by operating the SLM at a π bias. This allows both positive and negative corrections to be applied. As a result of the bias point, the first phase wrap occurs after a λ /2 wave excursions; the second phase wrap will occur after 3λ/2.
CLOSED LOOP OPERATION
In order to verify the proper operation of all the subsystems, the AO system must be operated in a closed loop. In the closed loop mode, the system operates to minimize the error in the wavefront. To test the system, an artificial aberration is applied through the SLM. Since the wavefront sensor will register the function as an aberrated wavefront, the control loop will work by reducing the error. If the system is working properly, as shown in the following figure, the wavefront error is gradually reduced. 
Wavefront reconstruction:
The wavefront is calculated by comparing its deviation from a plane wave. To determine the plane wave position, the Shack-Hartmann sensor is illuminated with a plane wavefront. In each subaperture the light will be focused at the optical axis of that subaperture. This position is marked by calculating the centroid of the illuminated region. Thus these are called the reference centroids.
When there is a phase gradient across the wavefront, the light will be tilted and the focus point at each subaperture will be shifted by a proportional amount. When an aberrated wavefront is sampled by the S-H sensor, the locations of the new centroids are shifted according to the local phase gradient. These new centroids are calculated, and the difference of these centroids from the previous position provides a measure of the local slope of the wavefront,
where dφ/dx is the slope of the wavefront and d is the displacement of the centroids. A set of discrete linear equations can be written relating the slopes to the derivative and eventually to the displacement of the centroids. This leads to a discrete set of equations relating the phase to the slope. These equations can be solved by either a least-squares method or Fourier transform method to yield the reconstructed wavefront. In our system, we utilize a Fourier transform technique to reconstruct wavefront from the centroid differences [9] .
Algorithm
The algorithm for closed-loop error corrections consists of the following steps:
1. Retrieve reference centroid from a plane wavefront. 2. Obtain test centroids from the aberrated wavefront. 3. Threshold both images for read noise and dark noise. 4. Calculate centroids and the difference between the reference and the test centroids. 5. Input the difference centroids data to the reconstructor and construct the wavefront. 6. Estimate the correction applied per iteration, which is a function of the gain. 7. Convert the correction (in phase units) to the SLM units using a look-up table or simple formula. 8. Repeat steps 2 to 7 N times or until the error is below a certain threshold value.
Centroid calculation: Accurate calculation of centroids is one of the most important operations in wavefront reconstruction. The variance of the various centroid calculation algorithms, such as center of mass, Gaussian fitting, diminishing area of interest, was compared. The standard deviations from the center of mass technique are on the order of 10 -2 , whereas those obtained from Gaussian fitting were on the order of 10 -3 . For good Hartmann spots, the Gaussian method did provide excellent repeatability in the presence of noise. The centroids are calculated using a center of mass algorithm and a Gaussian fit. It should be noted that a typical subaperture after a dark subtract shows a significant amount of background noise around the central peak as shown in Fig. 11 . One of the problems with finding an appropriate threshold to exclude the background is the variance of intensities among different subapertures when a human eye is used. Pyramidal thresholding seems to do a better job in reducing the noise. An rms measurement reveals the variation of centroids over time; however, it may not reveal a systematic error. To visually compare the performance of various centroiding algorithms, a reconstructed wavefront is shown in Figs. 12 and 13 . Here the rms wavefront error is calculated over only the non-central peak value. These values should be zero, but they show a non-zero value. In addition, a curve is plotted (Figure 14) to show the noise versus the width of the apertures. Other systematic error sources that may creep up are in the floating point calculation of differences centroids. 
Measuring wavefront: verification
First, an open loop measurement is performed with a known object in the system, such as a lens with a known focal length. For this experiment, a mechanical eye consisting of a rotating disk at the position of the retinal plane is used as a reference source. The rotation reduces the speckle in the Hartmann spots. A 0.25 diopter lens is placed on the phoropter which is physically located in front of the mechanical eye source. The wavefront is measured and verified to be exactly 2 microns as shown in Figure 15 .
To verify the closed loop operation, an artificial aberration is applied on the SLM. This is shown in Fig. 16 . Then the loop is closed on this aberration. As shown in Figure 17 , the aberration is gradually compensated by the correction applied through the control loop. The rms error of wavefront reduces from 0.34 radians to 0.24 radians.
Center of mass Gaussian curve fit Next an external aberration is applied to the system using a phoropter lens. The total aberration produced by this 0.25 D lens is 2 microns or ~3 waves. Thus to compensate for this aberration using the SLM, which has about 0.8 micron stroke, phase wrapping must be performed to extend the range of the compensation to multiple waves. Figures 19 and  20 show the wavefront flattened by the AO control. Fig. 21 shows the SLM actuations after 2 nd and 24 th iterations. The second panel of Fig. 18 demonstrates the wrapping of the phase at 0.5, 1.5 and 2.5 waves above the 0.5 bias level, which is necessary to correct an aberration of 3 waves. The grey background shows a constant bias of 0.5 waves. As shown in Fig. 22 , the error is gradually reduced from 0.7 microns rms to 0.05. 
HUMAN SUBJECTS TESTING
In order to measure and correct aberrations of the human eye, each subject must have a standard ophthalmic exam. During the testing period, the subjects are seated, have their eyes dilated, and bite down on a molded plastic "bite bar" to stabilize the motion of their head. This plastic bite bar is attached to a steel bar and x-y-z stage that can be adjusted to a comfortable position for the patient. To measure the aberrations of the eye, it is imperative that the head be still, so once in place the steel bar is tightened down, and the motion of the patient's head is minimized.
The first step is to use the subject's prescription in the conventional phoropter placed in front of the eye and correct the focus and astigmatism error. Then, a flip-in mirror is inserted after the SLM, is flipped up, and the pupil of the subject is aligned (using x-y-z positioner) on the pupil viewing camera to a predetermined position. Then, the mirror is removed and the subject is asked to fixate at a target on the monitor. The head position may again have to be adjusted to align the subject's pupil to the S-H sensor, if it is not already aligned. After the subject is stabilized and all the Hartmann spots are obtained, the subject is asked to maintain eye fixation at a fixed target, while the loop is being closed. Fig. 24 shows a typical Hartmann spot obtained from a human eye. The figure shows presence of speckle noise generated by the laser diode source. We have switched to a SLD to reduce the speckle noise. Using this source, the wavefront before and after correction is shown in Fig. 25 . As the loop converges, the rms error reduces from 0.56 µ to 0.15 µ as shown in Fig. 26 .
Once the subject's vision is corrected, and the laser beam is turned off, any of a number of psychophysical tests can be performed. For example, in one typical experiment, a subject is asked to determine in which of two temporal intervals a sinusoidal grating appears. The contrast of the grating is adjusted using an adaptive procedure in order to determine the contrast that will yield correct performance on 82% of the trials. This contrast is referred to as the subject's contrast threshold for that stimulus. By determining contrast threshold at a number of spatial frequencies, a contrast sensitivity function (CSF) can be obtained. The human CSF is a product of the optical modulation transfer function (MTF) of the eye and the neural CSF of the visual nervous system. By measuring the CSF before and after wavefront correction, the benefits for vision of improving the optical MTF by such a correction can be estimated. 
SUMMARY
A systematic study was undertaken to characterize the system from a systems engineering point of view. A series of steps were taken to fully characterize the performance of each subsystem. These steps are necessary to estimate the accuracy and limitations of the system, devise necessary remedies and ensure repeatability of the measurements. These steps include recording the noise statistics, verifying the accuracy of the centroid calculation, performing accurate registration, understanding the effect of misregistration, characterizing the nonlinear behavior of the SLM, determining the phase wrapping, characterizing the nonlinear response of the SLM using a lookup table, quantifying the performance of the wavefront sensor, and verifying the closed-loop operation using internally and externally generated aberrations. After the above steps we were able to apply the system to human vision correction and perform psychophysical experiments. Once high order aberration correction is performed using the high resolution liquid crystal SLM, it will be possible to modify the AO system to perform retinal imaging.
